We present the innovative application of a Bloch surface wave based sensor to the detection of protein aggregation. In Hen Egg White Lysozyme (HEWL) solutions, aggregates are discriminated from the monomeric forms in a label-free detection scheme.
Introduction
Multilayer stacks have long been used in a variety of optical applications [1] . Because of their periodic nature, they can be analysed as a one-dimensional case of photonic crystals [2] . One interest of photonic crystals is their ability, when truncated, to support surface states. This ability has been shown to provide guiding at the surface of a terminated multilayer structure [3] . Several authors have since shown experimentally their existence [4] and characterised their properties [5, 6] . Moreover, due to the confinement of the wave at the surface, their use in a sensing scheme has been predicted and demonstrated [7] [8] [9] [10] [11] . Because of the periodic nature of the underlying structure, these waves are known as Bloch Surface Waves (BSW).
In this study, we present what we believe is, the first demonstration of the application of a BSW-based sensor to the detection of protein aggregation. The process of amyloid fibril formation, due to an incorrect protein recognition pathway, has very important implications in medicine. An increasing number of pathologies are associated unambiguously with the formation of large aggregates of misfolded proteins [12] . Yet are the causes and conditions for which aggregates become pathogenic unclear. Increasing evidences point towards the early stages of protein aggregation. Hence the early dynamic events in the aggregation process are of high interest [13] . The ability to detect and understand these events is of prime importance to tackle many degenerative diseases, which need to be diagnosed prior to the onset of clinical symptoms [14, 15] .
In this context, BSW sensors, as well as surface plasmon resonance (SPR) sensors [16] , have unique properties, such as real time response, versatility, low cost and extremely high surface sensitivity. The ability of the former to detect various protein interactions has been already demonstrated [17] [18] [19] . In contrast to SPR sensors, BSW sensors are metal free. They consist exclusively of dielectric materials, providing additional design freedom, long range guiding properties, improved wear resistance and they are inherantly inert with respect to sensitive biological materials. For certain applications, the absence of damping in dielectrics with resulting narrower resonances and the possibility to engineer the dielectric stack to tailor the surface waves dispersion can provide a relevant improvement.
This article is organised as follows. A brief theoretical introduction to BSW is presented in Section 2. The fabrication is detailed in Section 3. The sample preparation and measurement results are presented in Section 4. Finally, a discussion of the results, possible improvement paths and interest over SPR sensors are layed out in Section 5.
Theoretical background
BSW can be excited on an appropriately truncated periodic structure exhibiting a forbidden band at the working light frequency. In a semi-infinite configuration, a sufficient condition under which such waves appear is simple: the layer at the surface must be tuned to support a propagating mode in the forbidden band of the underlying structure. Any kind of finite periodic structure can thus potentially support a BSW. For the sake of simplicity, we limit our study to one-dimensional dielectric stacks. The case under study is a multilayer structure made of 9 alternating layers of silicon nitride (Si 3 N 4 , refractive index n H = 1.95 at = 632.8 nm) and silicon dioxide (SiO 2 , n L = 1.47). With correct parameters, the first 8 layers form a Bragg reflector (BR) which confines a guided mode to the last layer. To operate at = 632.8 nm, we choose thicknesses t H = 119 nm (Si 3 N 4 ) and t L = 474 nm (SiO 2 ).
The band diagram of the structure is shown in Fig. 1 for TM polarisation (magnetic field vector parallel to the layers). The position of the surface mode within the bandgap is chosen by tuning the thickness t g of the last layer. We use the method proposed in [20] to match t g to specific resonance conditions.
To be effectively confined at the surface, the mode should lie below the light line of the adjacent medium. This corresponds to a total internal reflection (TIR) condition, as required for SPR sensing.
For sensing, the electric field enhancement at the surface and the penetration depth in the probed medium can be adjusted depending on the distance of the defect mode to the band edge and the light line, respectively. The closer to the light line, the less confined the field is, allowing to choose between surface and volume sensing. The position within the bandgap influences both coupling efficiency and field enhancement. By reciprocity, the coupling efficiency is equivalent to the leakage losses through the BR, and is linked to the imaginary part of the mode propagation constant. Both field enhancement and coupling efficiency are linked to the quality factor (Q factor) of the resonant mode, which governs the spectral width of the resonance.
Sensing in Kretschmann configuration
As shown in Fig. 2 , this configuration consists in illuminating the multilayer in TIR, from a high index medium, under the coupling conditions to the BSW. As for SPR, the coupling is observed as an intensity dip in the reflection spectrum. Changes in the index of refraction near the surface produce a shift of the dip position in the spectrum. Numerically, we compute the reflection spectrum using a Transfer Matrix Method (TMM) algorithm adapted from [21] .
In a typical SPR experiment, the sharpest possible dip is sought, as it brings higher accuracy in discriminating the dip shift. This is the case as the field is located at the interface between the metal and the probed medium. Therefore, for a given dip strength, an increased Q factor improves the sensitivity. The attainable Q factor and the dip strength are limited by the absorption in the metal and the coupling efficiency. For BSW sensing, the intrinsic material absorption is negligible. The presence of a dip in the reflection spectrum is caused by scattering losses such as surface roughness and material imperfections, which scatter the surface wave in all directions. These losses are small and not obvious to measure accurately. They however have an important influence on the dip strength and the coupling efficiency. In the simulation, the scattering losses are approximated as an artificial material absorption. As shown in Fig. 3 , the strongest dip is obtained if the scattering losses are comparable to the leakage losses. Here, the BR design angle specifies the angle used to compute the quarter-wavelength thicknesses for the high and low index layers. The leakage losses are computed with the method presented in [20] taking into account the finite nature of the experimental structure. This condition closely correspond to the case of highest field enhancement at the surface. In the design of the structure used in our experiment, a coarse estimate for the imaginary part of the refractive indices, Im(n L ) = Im(n H ) = 10 −4 , has been used, based on ellipsometric measurements. In this simplified scheme, absorption and scattering losses are included in a single term.
Moreover, the geometry of the structure has important consequences. The Q factor of the BSW resonance increases with the number of layers in the stack, while the coupling efficiency decreases. However, as the surface wave behaves as a guided mode in the top layer, the maximum field intensity is not automatically located at the surface. The presence of the underlying BR permits the top layer to be much thinner than the cut-off thickness of a conventional waveguide, enhancing the evanescent field in the probed medium. Varying its thickness influences the distribution of the electric field of the guided mode among the top layer and the probed medium. A strong polarisation dependence can be observed. Fig. 4 shows the field enhancement for TE and TM polarisations as a function of the design angle, in the presence of a small artificial absorption, for a 9 layer structure as described above. In both cases, the intensity enhancement grows until the BR becomes thick enough to let the scattering losses dominate. The difference between polarisations resides in the continuity conditions affecting the electric field. In TE polarisation, the electric field is continuous across the interfaces, and is preferentially confined to the high index medium. In TM polarisation, the electric field is discontinuous across the interfaces. Due to the index contrast, the field amplitude is higher on the low index side. Because of the larger thickness required for low index regions, the field experiences less interaction with interface roughness. The optimal design angle is thus larger for TM polarisation, providing a shorter evanescent decay near the surface. The optimal design angle is thus larger for TM polarisation, providing a shorter evanescent decay near the surface.
For our experiment, the TIR condition between the prism and water imposes a large working angle. In addition to the aforementioned property, the TM polarisation benefits of a reduced reflection at the air-prism interface, up to Brewster's angle. We therefore choose to work in this configuration. 
Sensor fabrication and characterisation
The multilayer is deposited with an Oxford Plasmalab 80+ PECVD machine. The layer parameters are chosen from simulations to give a resonance in TM polarisation. As mentioned previously, resonances in TM polarisation give more sensitivity at a large incident angle. Moreover, scattering losses introduced by surface roughness impose an optimal working angle. In practice, an upper limit is thus imposed by the deposition method and parameters. A resonance angle Â = 70.40 • leading to technologically suitable thicknesses is thus taken. The associated thicknesses are t H = 119 nm, t L = 474 nm and t g = 291 nm. Measurements in crosssection with a scanning electron microscope gave the values t H = 120 ± 8 nm, t L = 486 ± 4 nm and t g = 290 nm. The resulting resonance angle is Â = 71.03 • , in close agreement with the theoretical prediction.
The sample is contacted with an index matching oil on a right angle glass prism (n = 1.5149). The sensitivity is evaluated with several concentrations (0-20%) of isopropanol (n = 1.3772) in water (n = 1.3330). A linear dependence of the refractive index on concentration is observed. The calibration curve is shown in Fig. 5 . It agrees well with the simulation results, corrected for the refraction at the air-prism interface. The angular sensitivity is S Â = Â/ n = 40.35 ± 0.69 • per Refractive Index Unit (RIU). The resolution of the system is ın = 1.24 × 10 −4 RIU. This is two orders of magnitude lower than the best SPR sensors [16] , but is inherent to the design choices rather than the technique, that has been shown to reach much larger sensitivities [8] . The lower observed resolution is due to the angular resolution of the motors used in the angular scanning scheme.
Measurement and results
The experiment is conducted on wild type Hen Egg White Lysozymes (HEWL), the amyloid fibrils of which are a largely described model system [22] . HEWL samples are dissolved in concentrations from 35 M to 1.4 mM (0.5 mg/ml to 20 mg/ml) in a 10 −2 M HCl solution (pH 2). In order to generate lysozyme fibers, the mixtures are incubated for 1 week at 65 • C [23] . The protein concentrations are determined by absorption measurements at 280 nm before and after incubating the samples. The presence of protein fibrils is confirmed through electron microscopy.
The protein samples are then applied to the optical sensor where a comparison between non-incubated and incubated solutions is conducted. The sensor surface is not functionalised, which implies that the spatial distribution of the aggregates is not forced by strongly and selectively binding the proteins to the surface.
As emphasized in Fig. 6 , the non-incubated solutions show a linear relationship Â = S C C with the protein concentration C, where S C = 5.07 × 10 −2 ± 7.42 × 10 −4 is computed with a least square fitting. The incubated solutions show a reduced angular shift that increases with concentration. The sensor is able to detect the concentration of the protein in its monomeric form. During aggregation, this concentration is decreasing as the ratio of monomeric to aggregated form increases. The kinetics of amyloid fibril formation is a function of the protein concentration. Low protein concentration slow down the aggregation kinetics substantially, which explains the proportionally reduced shift [24] .
At present, the sensor is capable of detecting aggregates at a minimum concentration of 30 M in 110 M of monomeric protein. The detection scheme is completely label-free. The biomolecules are unlabelled (chemically unmodified) and are detected in their natural form. Moreover, the sensor has not been functionalized. The advantage of the label-free concept is the elimination of detrimental effects from labels that may intefere with fundamental interactions and the absence of a time-consuming pre-treatment. The sensor is sensitive to concentration variations that the aggregation process produces rather than to the specific aggregates. Measurements of protein concentration with a UV-vis spectrometer are performed as a control procedure. The determined concentration is then converted to an expected shift with the linear relationship computed from the non-incubated cases. The resulting values for incubated samples, presented as blue triangles in Fig. 6 , show a good correlation.
Discussion and conclusion
We have shown for the first time the possibility to distinguish the protein aggregates, with a BSW-based sensor, in a label-free scheme. The lowest HEWL concentration in which aggregates are discriminated is 140 M. The sensor is able to detect proteins near to physiological concentrations (3.5 M or lower) [25] . However, the discrimination of fibril formation at the very early stages of aggregation is only achieved at higher concentrations.
The sensitivity is mainly limited by the choice of polarisation (TM). As it has been shown, the working conditions in TM provide a larger surface sensitivity, through a larger working angle. However, the field enhancement is lower than in TE. A careful design including optimisations of material parameters (refractive indices, scattering losses), structure and prism material will bring substantial improvements in future works. A possible surface functionalisation providing selectivity towards aggregates [26] is also compatible.
Other features specific to BSW, such as long-range guiding of surface waves [27] , are of particular interest. The ability to use alternative materials as a guiding layer, such as teflon, or other biologically inert substances, is an important advantage with respect to SPR based sensors. Owing to their additional freedom in materials and design parameters, their ease of use and their cost efficiency, BSW present a valuable and promising tool for biological and medical sensing applications.
